Isolation and Culture of Murine BMDM
Bone marrow from tibia and femur was obtained by flushing with DMEM. Bone marrow cells were cultured in a 125 ! 50 mm Lab-Tek non-tissue-culture-treated dish with 50 ml of DMEM, containing 30% L929 cell supernatant, 1 m M sodium pyruvate, 50 M 2-mercaptoethanol and 2 m M glutamine (Sigma). On the 3rd day of culture, cells were fed with additional 20 ml fresh medium and cultured for an additional 3 days. Cells were harvested and washed with PBS, and resuspended in DMEM supplemented with 2 m M glutamine, 100 units/ml penicillin, 100 mg/ml streptomycin (ICN, Aurora, Ohio, USA), and 10% fetal bovine serum (Sigma). Cells were maintained at 37 ° C with 5% CO 2 , and allowed to rest overnight before further treatment.
Transfection of Small Interfering RNAs (siRNAs)
siRNA against RelB and scrambled control siRNA were obtained from Santa Cruz Biotechnology and used to transfect IRAK-M-deficient BMDM using the lipofectamine reagent, as described by the manufacturer (Invitrogen, Carlsbad, Calif., USA). Transfected cells were incubated in DMEM with 10% fetal bovine serum, supplemented with 30% L929 cell supernatant, 1 m M sodium pyruvate, 50 M 2-mercaptoethanol and 2 m M glutamine for 72 h, and subsequently used for further studies as described in the text.
Isolation of Cytoplasmic and Nuclear Extracts and Western Blot
Cell lyses and isolation of total, cytoplasmic, and nuclear extracts were performed as described previously [12] . Briefly, various cells (5 ! 10 6 /ml) were washed in 10 m M HEPES, pH 7.9, and subsequently lysed on ice in the lysis buffer (10 m M HEPES, pH 7.9, 1.5 m M MgCl 2 , 10 m M KCl, 0.5 m M EDTA, 0.5 m M dithiothreitol, 0.5 m M phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, and 1 g/ml pepstatin). After centrifugation for 10 min at 3,500 rpm, the supernatant cytoplasmic fractions were transferred and saved as cytoplasmic extracts. Pellets containing intact nuclei were lysed and solubilized with high salt buffer (20 m M HEPES, pH 7.9, 1.5 m M MgCl 2 , 0.4 M NaCl, 0.2 m M EDTA, 0.5 m M dithiothreitol, and 1 m M phenylmethylsulfonyl fluoride) for 30 min and yielded the nuclear extracts. Western blot analyses were performed as described [13] .
Cytokine Assay from Macrophages 2 ! 10 6 BMDM were seeded in 6-well plates in DMEM overnight and cultured with Pam 3 CSK 4 or medium alone as indicated for 12 h. An equal volume of RIPA buffer was added to the culture medium, and used to measure IL-6 and GM-CSF levels using the Bio-Plex Cytokine assay as specified by the manufacturer (BioRad, Hercules, Calif., USA). RelA-p65. a RelB nuclear translocation is increased in IRAK-M -/-macrophages. BMDM from wild-type and IRAK-M -/-mice were stimulated with 100 ng/ml of Pam 3 CSK 4 for the indicated time periods. Cell nuclear extracts were prepared as described in the Materials and Methods and blotted with anti-RelB or lamin-B antibodies. Lamin-B was a nuclear specific protein, and its levels served as a loading control. The relative levels of nuclear RelB adjusted with the loading controls were plotted in the right panel. * * p ! 0.05. b IRAK-M deficiency results in constitutive processing of p100 in macrophages. BMDM from wild-type and IRAK-M -/-mice were stimulated with 100 ng/ml of Pam 3 CSK 4 for the indicated periods. Cell lysates were prepared and blotted with anti-p100/p52 antibody as well as the control GAPDH antibody. The relative p52 intensities adjusted with loading controls were plotted in the right panel. * * p ! 0.05. c Nuclear p65 levels are similar in IRAK-M -/-, wild-type and IRAK1 -/-BMDM. BMDM were stimulated with 100 ng/ml of Pam 3 CSK 4 for the indicated times. Cell nuclear extracts were prepared and blotted with antip65 antibody. Lamin-B was used as a loading control. d A similar pattern of p65 phosphorylation at Ser536 among wild-type, IRAK-1 -/-, and IRAK-M -/-macrophages. BMDM from wild-type, IRAK1 -/-, and IRAK-M -/-mice were stimulated with 100 ng/ml of Pam 3 CSK 4 for the indicated time periods. Cell lysates were prepared and blotted with anti-p65phospho-Ser536 antibody.
Computational Modeling of NF B Pathways
The model is composed of three modules, one for IKK ␣ , one for IKK ␤ and the third for NF B and I B ␣ . This modular approach allows for easy analysis of individual parts of the complex system. It also facilitates the inherence of previous models. Since the negative feedback between NF B and I B ␣ has already been intensively studied, we can incorporate it as a module. All the equations and parameters are listed in table 1 . The model contains both dimensional and dimensionless parameters. Since the time series data and degradation rates are easiest to achieve experimentally, the time unit is set in minutes and the degradation rates have the units of min -1 . All other parameters and variables are dimensionless; they are combinations of several biological components. Values for the rate constants were chosen by a trial-and-error method to provide simulations with other experimental observations. IRAK-M is set to one and zero in wild-type and IRAK-M-deficient models, respectively. The systems are allowed to reach steady states in the absence of a signal. Their simulations begin from these steady states. The signal is set to 0. 
The NF-B module 
[RelA] = 0.5, k sRelB = 12, J sRelB = 1, J؆ sRelB = 100, dRelB = 20
Statistical Analyses
Statistical significance was determined using the unpaired 2-tailed Student t test or 1-way ANOVA corrected for multiple comparisons where appropriate. p ! 0.05 was considered statistically significant. All calculations were performed using the Prism 4.03 software program for Windows (GraphPad Software).
Results

IRAK-M Selectively Modulates RelB, but Not p65, Activity in BMDM
In order to explore how IRAK-M inhibits NF B activation and negatively regulates TLR signaling, we stimulated BMDM from wild-type and IRAK-M -/-mice with 100 ng/ml Pam 3 CSK 4 for various time periods. Nuclear lysates from treated cells were harvested, and equal amounts of nuclear lysates were separated on SDS-PAGE. As shown in figure 1 a, nuclear RelB levels were low and unaltered following Pam 3 CSK 4 challenge in wild-type cells, indicating the lack of RelB activation. In contrast, RelB levels were significantly increased in IRAK-M -/-cells. Since the nuclear translocation of RelB depends on the cleavage of p100 to p52, we measured the processing of p100 to p52 in whole-cell lysates. As shown in figure  1 To clarify whether IRAK-M affects the classical NF B pathway leading to p65 activation, we further examined nuclear p65 protein levels. As shown in figure 1 c, Pam 3 CSK 4 stimulation induced the nuclear translocation of p65 to a similar extent among wild-type, IRAK1
-/-or IRAK-M -/-BMDM. Since the transcriptional activity of p65 can be further influenced by phosphorylation, we measured the levels of p65 Ser536 phosphorylation in whole cell lysates. We observed that Pam 3 CSK 4 stimulation induced a similar pattern of p65 Ser536 phosphorylation in wild-type and IRAK-M -/-BMDM. Intriguingly, we found that the p65 phosphorylation was significantly attenuated in IRAK1 -/-BMDM, indicating that IRAK-1 is involved in Pam 3 CSK 4 -induced phosphorylation, but not nuclear localization of p65.
IRAK-M Disruption Contributes to the Stabilization of NIK
Since the alternative NF B signaling pathway relies on the NIK [14] , we subsequently examined the status of NIK in wild-type and IRAK-M -/-macrophages. Whole-cell lysates from wild-type and IRAK-M -/-BMDM stimulated with Pam 3 CSK 4 were prepared and blotted with NIK antibody. As shown in figure 2 , NIK levels were not detectable in wild-type BMDM, consistent with previous findings [15] . In contrast, NIK levels were readily and constitutively detected in IRAK-M -/-BMDM ( fig. 2 ).
IRAK-M Disruption Leads to Elevated IKK ␣ Phosphorylation at Ser176, but Not at Ser180
The activation of NIK was shown to selectively induce IKK ␣ phosphorylation and subsequent processing of p100 [16] . We therefore examined the IKK ␣ phosphorylation status using the phosphor-specific antibodies against phosphorylated IKK ␣ / ␤ . First, we used the antibody that can recognize phosphorylated IKK ␣ Ser180/ IKK ␤ Ser181. As shown in figure 3 , we found that -/-and IRAK-M -/-mice were stimulated with 100 ng/ml of Pam 3 CSK 4 for the indicated time periods. Cell lysates were prepared and blotted with antibodies against I B ␣ or ␤ -actin. The relative I B ␣ levels in wildtype, IRAK-1 -/-and IRAK-M -/-BMDM from three independent experiments were plotted at the bottom. b BMDM from wildtype and IRAK-M -/-mice were plated in 6-well plates at a density of 3 ! 10 6 cells/ well. Cells were stimulated with 100 ng/ml of Pam 3 CSK 4 . After 12 h, the expression levels of GM-CSF and IL-6 were assayed. The data represent three independent experiments. * * p ! 0.05. tion assays using whole-cell lysates from wild-type, IRAK-1 -/-and IRAK-M -/-BMDM. The immunoprecipitated samples were blotted with IKK ␣ or IKK ␤ antibody. Comparing wild-type and IRAK-1 -/-samples, we observed that the levels of IKK ␣ and IKK ␤ proteins within the co-immunoprecipitated NEMO complex were similar and remained constant following stimulation. In sharp contrast, we found that the levels of IKK ␤ within the co-immunoprecipitated NEMO complex dropped sharply in IRAK-M -/-BMDM following 15 min of stimulation, and returned back to normal levels 1 h later. The levels of IKK ␣ in the NEMO complex remained constant throughout the stimulation period, indicating that IRAK-M deficiency favors the formation of the NEMO/IKK ␣ /IKK ␣ homodimer following challenge with Pam 3 CSK 4 ( fig. 4 ) .
Elevated Alternative NF B Pathway in IRAK-M-Deficient Cells Contributes to Quickened Synthesis of I B ␣ , as well as Elevated Expression of GM-CSF and IL-6
In wild-type cells, I B ␣ was quickly degraded following Pam 3 CSK 4 stimulation, leading to the nuclear translocation and activation of p65. In turn, p65 contributed to the transcription and synthesis of new I B ␣ , which gradually increased back to the peak resting level 2 h after the start of stimulation ( fig. 5 ). We observed a similar pattern of I B ␣ degradation and gradual resynthesis in IRAK-1 -/--deficient cells. Intriguingly, we found that the I B ␣ levels were resynthesized significantly quicker in IRAK-M -/-cells, presumably due to synergistic activation of both the classical and alternative pathways. As shown in figure 5 , I B ␣ returned back to the peak resting ( fig. 3 ) .
We further measured the levels of selected cytokines using the Bio-Plex Cytokine assay as described in the Materials and Methods. The levels of IL-6 and GM-CSF were very low in resting wild-type BMDM, and were induced following Pam 3 CSK 4 stimulation. In contrast, Pam 3 CSK 4 stimulation induced significantly higher amounts of IL-6 and GM-CSF in IRAK-M -/-macrophages ( fig. 5 b) . In order to determine whether the enhanced RelB activation in IRAK-M -/-BMDM was responsible for the elevated IL-6 and GM-CSF expression, we performed the siRNA knockdown experiment. IRAK-M -/-BMDM were transfected with either control siRNA or RelB-specific siRNA. Transfected cells were subsequently stimulated with Pam 3 CSK 4 for 16 h. As shown in figure 6 , IRAK-M -/-BMDM transfected with RelB-specific siRNA had significantly decreased expression of IL-6 and GM-CSF.
The Effect of IRAK-M Is Ligand Specific
Because different TLRs may trigger distinct downstream signaling pathways, we examined the involvement of IRAK-M in LPS-TLR4-mediated signaling. BMDM isolated from wild-type, IRAK-1 -/-and IRAK-M -/-mice were stimulated with LPS for the indicated time periods. In contrast to the phenomenon obtained with Pam 3 CSK 4 stimulation, we observed a similar pattern of I B ␣ degradation and resynthesis among wildtype, IRAK-1 -/-and IRAK-M -/-BMDM following LPS challenge ( fig. 7 ) . We further measured the expression levels of IL-6 and GM-CSF by Bio-Plex cytokine assay. Correspondingly, we observed that LPS induced similar levels of IL-6 and GM-CSF among wild-type and IRAK-M -/-BMDM ( fig. 7 ).
Discussion
In this study, we have demonstrated that IRAK-M is primarily involved in regulating the alternative, instead of the canonical NF B pathway. Several lines of evidence support this conclusion. First, the patterns of p65/RelA nuclear translocation and phosphorylation are identical following Pam 3 CSK 4 challenge between wild-type and and IRAK-M -/-mice were stimulated with 100 ng/ml of LPS for the indicated time periods. Cell lysates were prepared and blotted with antibodies against either I B ␣ or ␤ -actin. b BMDM from wild-type and IRAK-M -/-mice were plated in 6-well plates at a density of 3 ! 10 6 cells/well. Cells were stimulated with 100 ng/ml of LPS. After 12 h, the expressed levels of GM-CSF and IL-6 were assayed and plotted.
IRAK-M
-/-cells. Second, IRAK-M -/-cells have elevated levels of NIK protein, as well as an increased nuclear distribution of RelB. Third, IRAK-M -/-cells favored the formation of the IKK ␣ /IKK ␣ homodimer instead of the IKK ␣ /IKK ␤ heterodimer. Consequently, IRAK-M deficiency contributes to synergistic and overall activation of the NF B pathway, leading to elevated expression of cytokines, such as IL-6 and GM-CSF.
Extensive studies regarding the regulation of the NF B pathway have revealed a complex network involving multiple positive and negative regulatory pathways and loops. These intertwined signaling pathways help host cells to elicit precise, complex, and subtle responses following diverse challenges [17] . However, further clarification regarding the fine regulation of the NF B signaling network is still required. Our current study reveals a novel In contrast, IKK ␣ is kept inactive due to the lack of active NIK ( a ). IKK ␤ phosphorylates I B ␣ and enhances its degradation. Therefore, the I B ␣ level decreases (solid line). Later on, IKK ␤ is inactivated by an unknown mechanism (potentially through a phosphatase as represented by PPX), and the I B ␣ level recovers. In the absence of IRAK-M, NIK protein is stabilized and activated which contributes to the elevated IKK ␣ activity ( a ). IKK ␣ activity is likely controlled by other negative feedback loops (e.g. protein phosphatase PP2A, a ). Collectively, these give rise to the oscillating levels of I B ␣ (dashed line).
mechanism for IRAK-M-mediated preferential suppression of the alternative NF B signaling pathway. In the absence of IRAK-M, the level of NIK is elevated, which contributes to skewed IKK complex formation. The skewed IKK complex favors the formation of the IKK ␣ / IKK ␣ homodimer instead of the IKK ␣ /IKK ␤ heterodimer. The elevated NIK-IKK ␣ /IKK ␣ pathway subsequently contributes to the overall perturbed NF B network, as reflected by quickened resynthesis of I B ␣ and a second wave of I B ␣ degradation. By employing computational simulation based upon existing NF B signaling models [18, 19] , and considering our current findings, we have recapitulated the I B ␣ pattern in IRAK-M -/-cells with a computational model ( fig. 8 ) . Intriguingly, our modeling work also projects that other critical downstream negative regulators (such as phosphatases) may be necessary for the proper regulation of IKK activity. Limited work has been done on the contribution of phosphatases to the regulation of the NF B network. For example, PP2A was shown to dephosphorylate IKKs in addition to p65 [20] . Future studies are warranted to explore the function of relevant phosphatases in the regulation of the complex NF B network.
The mechanism for IRAK-M-mediated NIK regulation remains unresolved. Previous reports indicate that NIK is extremely unstable and is barely detectable in wildtype cells [21, 22] . The perturbation of TRAF molecules such as TRAF3 renders NIK stable and active [21, 23] . It is therefore likely that IRAK-M may be involved in the regulation of TRAF3 function, and should be tested in the future. The downstream function of NIK also remains less clearly defined. Besides p100 cleavage, recent studies indicate that there are other targets of NIK including IKK ␣ and p65RelA [24, 25] . Depending upon the nature of stimulants, NIK may activate distinct downstream molecular targets contributing to the NF B activation. Indeed, we found that IKK ␣ phosphorylation was significantly elevated in IRAK-M cells following TLR2 agonist challenge. In contrast, even though we did observe p100 processing and elevated p52 levels in IRAK-M cells, the absolute levels were relatively low. This may be due to the fact that TLR2 agonist is not the optimum stimulant for the activation of NIK-mediated p100 processing. Instead, TLR2 agonist-induced NIK activation may selectively activate other molecular events, such as IKK ␣ phosphorylation, which then lead to elevated RelB transcription and protein levels. The cross talk between NIK and various downstream signaling components within the NF B network requires extensive future studies.
Although IRAK-M may play a pivotal role in preventing excessive activation of the NF B network and subsequent inflammatory response, such mechanism may also be exploited by tumor cells or bacteria to evade active immune surveillance. The sepsis syndrome is initiated by dissemination of bacteria or bacterial products (endotoxin) in the blood circulation [26] . The host develops an endotoxin-tolerant state in which blood leukocytes can no longer exhibit inducible NF B activation and expression of selected inflammatory cytokines, such as TNF ␣ and IL-6 [27] . Suppressed expression of inflammatory cytokines places the host in danger of secondary infections. The suppressed state is caused by deactivation of the innate immunity signaling process, including elevated IRAK-M protein levels in blood leukocytes [28] [29] [30] [31] . Analogously, deactivation of innate immunity may also tolerate tumor growth and progression. For example, through a yet-to-be-determined mechanism, tumor-associated macrophages fail to express proinflammatory cytokines, such as IL12p40 and TNF ␣ , and not only tolerate, but also facilitate tumor growth [32] [33] [34] . A recent study indicates that deactivated macrophages incubated with tumor cells exhibit increased IRAK-M protein levels [35] . Given the evidence indicating the role of IRAK-M in deactivating innate immunity signaling, we hypothesize that cancer cells may exploit the inhibitory function of IRAK-M to evade host immune surveillance. Indeed, our recent study indicates that IRAK-M disruption contributes to enhanced tumor rejection [36] . Our current report provides a mechanistic explanation that the elevation in the alternative NF B pathway, caused by IRAK-M deficiency, may contribute to enhanced host tumor surveillance.
In summary, we have defined a novel mechanism for IRAK-M-mediated suppression of the NF B signaling network. Furthermore, our work also reveals intriguing new questions and hypotheses regarding the delicate regulation of this important signaling process.
